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Color Perceptions of Deuteranopic and Protanopic

Observers
By Deane B, Judd

It ia well established that abwot 2 peroent of otherwise normal human males are eon-
fusers of red and green from birth, There in considerable interest in the question: Whaet do
red-green confusers ee?  From a knewledge of the normal eolor parecpilons eorresponding
to denferanopie and protanopie red and green, we may not only nnderstand better why
eolor-hlindness teste sometimes fail, and so be in a position to develop improved tests, but
alog the eolor-defivient oheerver may understand better the nature of hia eolor-eonfiusions
and be pided to avoid their coneequences. If an obsorver has trichromstic vieien aver a
portion of his total retinal area, and dichrometie vision over another portion, he may give
valid testimony regarding the color perceptiona charaeteristic of the particolar form of
dichromatie vision pesssssed Ly him,  Preeminent among such observers are those born with
one normsl eye and one dichromatic eve. A review of the rather censiderable litersture on
this subject shows that tha eolor perseptions of both protanople and dayteranopic oheervers
are confined to two hues, yallow and blee, ¢losely like thoee perceived ander wsual canditiens
in the spectrum at 575 and 470 mx, respectively, by normal observers. By combining this
result with standard response funetions recently detived (Buresu Resesrch Paper RP1818)
far protanopic snd deaterasnopic vigion, it has bean possible to give quantitative estimates of
the color perseptiona typical of these obsarvers for the whole range of colors in the Munsell
Book of Color, Thess estimstes take the form of protanopic and deutersnopic Munsell
notations, and by using them it is possible not only to arrange the Munzell papers in wayzs
that presumably appear orderly to red-green eoofusing dichromats, but alse o get imme-
diately from the notations an aceurate iden of the colors usually pereeived jn these arrange-
ments by denteranopes and protanopes, much ge the ordicary Munsall netations serve to
desctiba the visual color parceptions of & normael observer. :

Research Poper RP1922
Valume 41, Ootobar 1948

I. Introduction

The qguestion, "What colors do color-hlind
observers confuse?”’ is u very practical one, cap-
able of objective solution by putting each color-
blind observer to trisl and noting his mistakes.
For the two most common {orms of partially
color-blind observers, deuteranopis and protan-
nopia, each form comprising about 1 percent
of the otherwise normal male population, a gen-
eral answer, approximately valid for all ohservers
properly so classed, has heen found and deseribed
[51, 81].

The gquestion, ‘“What colors do color-blind
obsorvers see?"’ ia a more eubtle one, involving a
fine point in the theory of knowledge, yet of con-
siderable practical importance, too. Strictly

' Fignres 1o brecketd ladicata the literatore references at tha end of this
paper,
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gpeaking, the subjective lifa of sach observer
cannot be known to anyone else, and there is no
way of knowing whether the perception of red by
one normal obzerver bears any resemblance to
that which another normal observer calls by the
saime bame. In this sense it is also impossible to
discover what colors are seen by the partially
golor-blind. However, from the similanty in
responses between normal observers, it is a fairly
gafe conelusion that their color perceptions are
closely similar. In the same inductive senaze,
it is posaible to discover how the color perceptions
of the color-blind are related to those of the normal
observer, It is one purpose of the presént
paper to review the cvidence by which these are
known, A second purpose is to give & compre-
hensive intertranslation between normal color
perceptions of surface solors an the one hand and
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protanonic and deuteranopic surface-color per-
ceptions on the other.

The outstanding characteristic of protanopic and
deuteranopic observers is that they confuse hoth
red and green with gray, and indeed they confuse
rad with green. For thiz renson they are rightly
called red-green confueers, lese aptly red-green
blind. Since to the normal eye red ia nearly as
distinet from green as black is from white, it may
be deduced that red-green confusers fail to experi-
ence both the normal red and the normel green
perception; but the deduction may not be pushed
further. From & stimulus normally yielding red,
8 red-green confuser might perceive red or green
or some other of the normsal eolor perceptions,
or soma perception not normally experienced.

The imposzibility of passing from knowledge of
what colors are confused to knowledge of thoss
that are seen by color-blind observers was recog-
nized almost as scon as color-blindness was dis-
covered. Thus we find Wilson [97) remarking in
1855, "It must be remomhered, however, that
there iz nio common language between the solour-
blind and the colour-sesing.”” Then in 188%0-81
Holmgren gave essentislly the argument of the
preceding two paragraphe in complete and clear
detail and publishad it in four languages {39, 40,
42, 46}. Dwonders [15] in 1831 stated (p. 84}, “If
they {the color-blind) name their colors yellow
and blue, thiz by no mesns proves that they aes
vellow and blue as we see them, but merely that
in our yellow and blue their colors appear maost
charactaristically.” A year later v. Kries inserted
the argument into hiz carly ansalysia of visual sen-
sations [60], “For bilateral color-blindnesa the
facta are essentinily different. Here is lacking the
possibility of comparing directly normal and ah-
normal sepsations with each other. The old atate-
ment that we cannet know what the color-blind
really sense, self-explanatory as it is, appears,
however, still not always to have bean fully and
completely underztoond.” :

These repeated and clear explanations did not,

however, prevent Edridge-Green [19] in 1911 from

giving a " proof’’ that red-green confusers see red
and violet by means of precisely the same argu-
ments previously used by Pele [82] to “prove”
from ohservations with his own color-blind eves
that they see blue and yellow. These arguments
are invalid in cither case, as pointed out explicitly
by Hartridge [27), but Pole’s conjecture, for that
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is all it was, was corroborated by later valid
evidence. After heving convinced himself {on
insufficient ground) thai his sensations were the
same a8 what normal observers call yellow znd
Mue, Pole put forward in 1856 an originsl, very
practical suggestion {Roy. Soq., p. 176; Phil. Mag.,
p. 285) now in widespread daily use, namely, "It
bas been thought that the use of these colora (red
and preen) for railway and ship signals becomes
dangerouz where color-blind persons have to
observe them, This danger mey be obvigted by
very simple meang—if the green be made s dlue
green at the same time that the red is a yelfow red,
they hecome quite as distinct to the color-blind as
to the normal eyved.”" Present color spectfications
for marine end railwey signaling pair a red slichtly
ont the yellow side with & nottyellowish green, and
this shoice is also prevalent for stop and go signals
for highway traffic. This plan has nlso heen ex-
tended only recently by the American Standards
Assopiation [52] to the marking of industrial
hazarda.

The practical importance of inquiring into the
color perceptions, in addiiion to the color confu-
sions, of partially tolor-blind observers lies in the
fact that resolution of this guestion facilitates
consideration of precautions agsinst the dangers
of color-blindness and alse aids in the design of
teats for its detection. Thus Pola made hia uzeful

" suggestion only after he had made & fortunate

conjecture as to the connection between his color
vision and those of the normal! eyed. By this
assumption he supplied himself with a terminolegy
that immediztely suggested the kind of red and
green safe for rallway and ship signals. It 1= the
third purpoge of this paper to develop & method
of expressing the color-perccptions of the average
red-green confuser in terms that are immedintely
compreheneible both to those trained in the inter-
pretation of colorimetric coordinate systemns and
to the untrained alike. It is expected thai this
method will assizt both normal observers and rad-
green-confuging obeervers to understand ihe rela-
tion between their two sysiema and so aid in
avoiding the undesirable consequences of red-
green confusion.

II. Raview of the _Literuture

It has been pointed out by Holmgren [42], by «.
Kriea [62], and doubtless by many others, that
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persons born with one normal eye and one color-
blind eye give us our most ditect evidence of the
color perceptions of the color-blind. Less reliable
evidence may be obtained from persons who con-
fuse red and green because of diseases of the eyes
or opiic nerves, and who are therefore familiar
with normal colors through past experience before
becoming afflicted. And, finally, some informa-
tion may be obtgined from the peripheral parts of
the normal retina that respond with confusions
similar to those of denteranopia. Any obeerver,
a portion of whose retinas yields normal color
visign while ancther portion yields either the
kind of red-green confusion characteristic of
protanopin or that charecteristic of deuteranopia,
can give valid testimony.

It iz now & fairly well accepted view that red-
green confusers see neutral colors (black, gray,
white, silver, ¥ colorless' and so on) normally, and
chromatic ecclors of two hues, approximately
what nortnal observers call puee yellow and pure
blue [14], with little or no admixture of red and
green. Evidence obtained from all three types of
admisstble observers consistently supports this
view. Wa shall, however, review the liternture to
see whether this rough indication can he made
Imove precise,

1. Peripheral Parts of the Normal Retina

It has been swidely stated in textbooks for many
years that there iz, in the normal eve, & retinal
gone of considerable extent (perhaps 20°* to 50°
from the fovea centralis) within which yellow,
blue, black, and white are perceived much as at
the fovea, but red-green distinctions are acarcely,
if at all, possible. Since the lurninosity function
of this region in u light-adapted state is substan-
tially the same as normal [30, 61, 68 {p. 46}], the
proparties of thiz retinal zone near the periphery
approach those of deutersnopia, the distinctions
from deuteranopia being reduced visual acuity,
reduced ability to distinguish both black from
white, and yellow from blue, and presence of a
slight, instead of vanishing, akility to distinguish
red from green, A9 o preliminary observation
will immediately show, tha precise hues of the
vellowish and bluish colors seen by means of thia
retinal zone are hacd to determine, A specirum
stimnlus yielding a color of crange hue by foveal
vision yielda & progression of less and less reddish
huez ne it is moved more toward the periphery,

Color-Blindneaa

There are determingble for each obaerver, how-
gver, within certain limits the wavelengths of the
spectrum stimuli yielding ecolors of invariable hue
regardless of retingl region stimulated. It is
obvious that the huee of the bluich and yellowish
colors perceived by the nearly deuteranopic pe-
ripheral region are to be found samong these in-
verizble hues. Table 1 = extrecited from g
summary by Techermak [95] and shows resulia of
four investigators. As might be expected from
tha diffienlt nature of the observations and the
many factors iofluencing the results [17; 69,
p. 273, there iz considerable difference between
the reports of the various investigators. Guold-
tnann’s results refer to o protancmalous observer
[24] and on this account hava less weipht than the
others. Some observers can make such obsaer-
vations with good relinbility {Hess, 2 t¢ 3 mp
uncertainty), others lese certainly (Dreher, 10
mu uncertainty); and there is furthermorae & large
individual difference  (40-mu  spread among
Dreher's three obaservers). Although Hess” re-
sults refer to one ohserver only (himsell), they
are probably as good as any, and have, at least,
heen the most widely quoted [30]. These results
indicate the deuteranopic yellow to be g hue cor-
reaponding, for normal vision under visual con-
ditions, to about 575 mg; and deuteranopic blue
to be that corresponding to about 470 mpu, with
uncertainties of about 10 my.

TapLe 1, Stimuli that yicld bluish or yeflowizk colors of
inparigdfe hug, regardiest of relznal repion affected

Wareleagth of njlgu-
trymn abltnlue yidd-
ing [varisble hu

Authar Yuar regardloas of re
T olbow leh Bindsh
) a b
Besa W) ... ] I LEL L]
1065 5 1
12 L) E ]
b2 iy 0

2. Red-Greer Confusion Acguired Throngh

Discase

Toxic agents and disease affecting the conduet-
ing {transmiseive} elements of the optical appa-
ratus (nerve elements and connections, optic
nerve, and tract) canse a progressive lessening of
the ability to distinguish red from green. This
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defect becomes progressively worse until red-green
blindness is reached, whiech is distinguished from
inherited deuterancpia chiefly by its poorer lLight-
dark diserimination, There iz als¢ some lessening
of the ability to distinguish yellow from blue,
which may progress umtil total eolor-blindness
results [69, p. 141; 88, p. 45]. The luminosity func-
tion is essentially the same as for normal wision
[57], and whita, gray, and hlack are perceived in a
relatively normal way. Kéollner [59, p. 148) ays,
"Tn the dichromatic state the patient sees in the
epecirnm only yellow and blue, and the yellow
corresponds 10 the hue which is elicited in the
normal eve by light of wavelength 575 mp, the
bluz to the hve corresponding to that of wave-
length 471 mu.” These facts, like those of periph-
eral wision by the normual sye, indicate that the
deuteranopic obzerver sees a yellow like that cor-
responding to about 575 mu for the normal ob-
server, aiud & blue corresponding to about 470 me.

3. Unilateral Red-Green Elindness

Unilateral inherited defects of vision are prob-
ably much more commeon than would be supposed
from accounts of such cases appearing in the
literature. An Army physician observed in
1920 [5], "It has been recently discovered that
becauze & man has excellent color vision in one
eve he does not necessarily have it in the other,”
And s recent estimate [66) places the incidence of
unilateral defects at about 4 pereent of the total
color defectives. Since, however, color vision of
both eyes is most frequently tested at the same
time, it follows that most unilateral defects go
unnoticed [58, 66, 88]. Table 2 lists chronologically
all cases of unilateral defects in coler vision that
could be uncovered by a reasonable scarch of the
literature. There are 40 original articles listed
involving 37 cases, & casa of unilateral protanopia
being dealt with twice by Hippel [36, 37] nnd once
by Holmgren [42], a case of unilateral tritanopia
peing dealt with beth by Kirschimann [54] and by
Dieter [13], a case of unilateral deuteranomaly
both by v. Kries [62) and by Trendelenburg [94]
wnd one article by Bonner [101] mentioning fwo
casce previously unrcported.

It should be neted that the skill and rescurces
of the eeveral investipators varied over s wide
range, 80 that hoth the type of defect for the
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TaprLe 2. Uriloteral defecie of color vition
Authaor Date |Probatde ¢ause of deteet Type of defect
v. Baumgarkt- | 185 | Blawrneye ... ___| Tempwrary sohroma-
ner 6} topakn
Brische L1} ... 1662 | Attack of werllgn. ..., | Tempooary ¢vanopsis,
Nemgihick (7). 1968 | Seull-bote degeoern- | Tritanebl snd chi-
tom, totials.
Woinne |98]..___. 18vl | Moticed mfler hewd- | Abypleal, red phobia,
woand, but perhapa
inberited.
Becker M__.._._. 1878 | Ioberlted __.___.____.| Acrometopsis.
Hippel I5A]- ... LE:1: U PR do. ... .| Frotanorda.
Holmgren [42]-. .| 1881 |._._..djo. I
Hippsd |3 ......| 1861 -, - Do,
Holmgren [44],.. | 1881 |._ .. do.. Tritarapin
Eteffan 180T ... 1830 | Apopdexy. ... ADprmach b gehrprde.
topnis.
Boell 0. 141 | Beoll fesctore. Froeianopva, demrtars-
momaly,
Hermann [32]....| 182 | Unlowwo_ ... Tritanopla.
Eoodbe 158] .- - 1T | Inberitad o _____. Hed-green waskmoess,
Bhoteldd JRE]. .| 18R |..... L R, Red-brown oonfusbon.
Donders 18] ... | 1884 B | .-| Abtprmal Eayleiph
LTI
Edridga-| 1880 | Probably relinltis.____ Trlitanopis, Y4llaw:
Green 114 hlus weakmess,
Herlng [41]. ... 18 | Qplle-perve atrophy_.| Appoach to deotess
anopda,
Hesa[Ml ... 168 | Werve injury.... .. T,
Enall [BE]. ... IRE | Naolleed after biow on | Dentarancopla.
hisd, but pechape
inhatlped,
Elrsehtignn [M]..| 1863 | [mbeclted. ... _........[ Trllasopda.
Hilbert [ 3]_..____ 1M .| Slight abmsrmalitles,
Beavor [B].. ... T8 - AchronmloEsin,
Piper [B0].....__.| 108 |..._. .| Achmrastorsa, friisne
onks.
Bamajbedd [85]. ... 1806 | [oheelted_ ___.________.| Abnermal Reyleigh
sauallon,
Kdllner |57 .-. ..~ 1908 | Optenerre atphy. .| Achromalepsls, tritan-
apE.
Haves 28] . | 1011 | Inhaflted..... .......| Prolancmaly,
Hegmt [20] ... 105 . D
Lehivann [66]. .| 1807 |.. .| Atawrmil pontragy ef-
Tocta.
™. Krles [82]. ... me | L+, Treuleramitaaly,
Goldechmidt [24].| 1918 | Oomshot headwonnd_. | Protancmaly,
Bonner [10).......| %23 | Cpte strophy {tubsr- | dreen weakmes.
vibous).
Jenvdngs [48] ... | 1920 | Modbeed iler blow on | Red-green blindnesa,
Hend, but parhape
inherited.
198 | Uoknown.. \ .- | Achoomatorals.
Bonnar [11]....... { wE | do. 7T S —
THeder [33].... ... 1827 | Inberited .. .| Tritanpie
Miles, Boau-| 1881 | Unknowo. ... .. Rad-grecn Mibdtess,
mont [66].
Mibea, Cralg [67]-.] {81 |-ceeooomee e - Tror,
Melpperg (7). .. 192 | Trahered . Do,
Trendelen-| W41 ... 1 Deuteranomaly.
bty (4]
Eloan [87].___.____ T .o 1 S IDvuterancpla.

defective eye and the degree of approach te the
norm in eqses having one supposedly normal eye
are subject to various degrees of doubt. Simi-
larly, in mnny cases the report of the probable
cause of the defect is based on very incompleta
data. If there were no evidence of disease or
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injury, the defect is listed as probably inherited.

In ons case, however, it is known definitely that

the defect was inherited; the subject found by v.

Eries t0 have unilatern] deuteranomaly was found

later [04] to have transmitted a bilateral deutaro-

form defect to his daughter. Table 2 is intended
to give briel sammearies of all ¢azes of unilateral
. defects of eolor vision, and the information i= as
precise a3 can be given in a few words; but these
summaries are, of course, often unsetisfactory
anbstitutes for tha original articles that should be
conanlted i more detailed information is desired.
Bince many of these cases sroe to be neglected as
having no bearing on the color perceptions of pro-
tanopic and deutersnopic obeervers, it ia conven-
ient to intreduce here the definitions of the terms
by which the type of defect has been indicated in

table 2.

Trickromatism—a . type of wiziotn in which the
colors seen require in general three independ-
ently adjustable primaries (such as red,

- green, and blue) for theic duplication by
mixture. Normal vision is one form of
trichromatism.

DHckromitisrn—a type of vision it which the colers
seen require in general two independently
adjustable primaries {such as red and green,
or purple and yellow) for their duplication by
mixture,

Monoehromatism—aua type of vision in which the
colors seen require only & single adjustable
primary to match them. Any light maey
serve a8 the primary.

Prolanemaly—a type of trichromatism in which
the relative lumingsity function is too low at
the longwave end te fall within normal limits,
wnd in which nn sbnormally large proportion
of red in a red-green mixture is required to
match a given yellow.

Desteranomaly—a type of trichrematism in which
the relative luminosity function falls within

‘normal limits and in which an abnormally
large proportion of green is required in a red-
green mixture to match a given yellow,

Protenopia—a type of dichromatism in which red
and blue-green are eonfused, but no abnormal
proportion of red plus green is required to
match a given yellow, and the relative lumi-
twosity function is too low at the longwsve
end to fall within normal limits,

Devteranopia—a type of dichromatism in which

Color-Blindness

purplish red and green are confusad, but no
abnormal proportion of red and green is
required to mateh a given yellow, and the
relative luminosity function falls within nor-
mau! limits.

Trifanopia—s type of dichromatism in which
reddish blue and preenish yellow are confuzed.

Aehrematopsia—a type of monochromatism o
which all eplors are perceived as neutral {such
as black, gray, and white}.

Clloropsic—green vision.

Cyanopsia—blue vision.

Rayleigh [83) equation—the proportions of red and
green required in a mixture to match a given
yellow. Usually spectrum red (670 mu) is
mixed with spectrum green (535 mu} in such
proportions as to match spectrum yeliow (580
).

It would seem that only cases of protenoepia and
deuteranopia listed in table 2 need be considered,
but it has often been noted [28, 62 (p. 148), 74]
that under unfavorable conditions {such as small
angular extent of obscrving field, reduced observ-
ing time [28], low field luminance, or dark sur-
rounding fleld) protanomalous and deuterancial-
ous observers make the same mistakes sa pro-
tanopes and deotersnopes, and respond as if they
had dichromatic rather than trichromatic visual
systems (rod-grean confusion, presence of a neutral
point in the spectrum near 495 my, and so ond.
On this account, many color-perception tests fail
to differentiate red-green confusers into groups of
dichromate and trichromats. It is posaibla there-
fore to obtain information concerning the color
perceptions chacacteristic of dichromatic visual
gystems from unilateral protanomaly and wuni-
lateral deuteranomaly, provided attention is paid
to observations obtained by such abservers under
conditions that reduce these systems to, or nearly
to, dichromatism. Table 3 lists all unilateral
cnsos from which information regarding protanopic
and deyteranapic color perceptions can be gleaned.
It also inrledes a bilateral case reported by Nagel
{72], which has » hoaring on deuwteranopic color
perception, In this case the fovea was dichro-
matie, the periphery trichromatic, quite beyond
the vestigial trace often reported by dichromats.
(Cases of unilatoral achromatopsia and tritanopia
listed in table 2 have been omitted, together
with those of red-green confusion not giving
information regarding color pereeptions (Snell,
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Kolbe, Shufeldt, Hegner, Lohmann, Jennings,
Neippert, Bonner, and Miles and Beaumont).
Cages of slight abnormelity not approaching
dichromatism are also omitted (Donders, Hilbert,
Samojloff).

The caze of atypical unilatersl sense diasturbance
reported by Woinow |98] has been omitled, berause
the report is contradictory. The subject was
reported to be dentersnopic {(green blind) in one
eye, and measurements by rotating sector disks
indicated confusion of both red and green with
gray. There was, however, hysterical fear of red
particularly from the eye which, as we have seen,
under some conditions could not distinguish red
from gray  Furthermore, all objects secn by this
eye were tinged with red, but spectrum yellow
appeared blue. There is no evidence, except this
latter rather confusing report, that the color
gystem of the defective eye was dichromatic: it
might have been monochromatic. Reports of the
subject in other sense fields (taste, tempersture,
smell, hearing) indicated a profound psychic
disturbance.

The case of temporary cyencopsin reported hy
Brische has also been omitted; the visual system
seems to have heen monochromsatism, biack, gray,
and white cbjects, end all parts of the spectrum,
appearing blue.

In table 3 the indicated perceptions are specifiad
in many cases simply by color name, and we sea,
a8 before, that unilateral defacte of vision indieate
that the protanopic and deuteranopic perception
of white iz normal, and those of hue are some kiod
of a yellow and some kind of a blue. In ather
cagesd these indications have been mada more exact
by direct cornparison of the spectrum colors viewed
by the defective eye with those of the same speci-
rum viewed by the normal eve. Orange, for ex-
ample, is seen as yellow by the dichromatic cye,
as is also yellow green ; but the part of the spectrum
whose hue is the same for both the nermal and the
defective gye serves as a specification for the par-
ticular kind of yellow sensed by the dichromatie
ave: that is, we can say from such evidence that
the dichromatic yellow Iz like that perceived at
some certain portion of the spectrum by the normal
aye. Five ol the entries in table 3 are of thia
ngture.  Four out of five of these entries refer to
eubjects who had in the defective eye slight, rather
than vanishing, ahility to distinguwish red from
green, but reports of bue difference between the
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two eyes could still be made and the spectral region- -

yvielding the game hua for both eyes determined.
In general, it will be noted that for both the deutar-
ancpic and protancpic fortns the yellow iz closely
like that of the spectrum st 575 mu to the normal
eye, and the blue like that of 470 mu. This agrees
with indications for the deuteranopic form ohb-
tained from the periphary of the normal reting and
from acquired hilateral color-blindness.

The three excoptions to this generalization are,
first, the wavelength 589 myu found by Hippel for
his \milaterally color-blind observer; aecond, the
designation, orange-yellow, shown {or Gold-
achmidt’s caze of unilateral protancmaly; and
third, the contradictory report by Sloan’s uni-
lateral deuteranope. The first two exceptions
suggest that some protancpes, at least, see orange-
yoellow instead of the slightly greenish yellow of
675 mu. Hippel, howaver, depended on the ob-
gervation of flame spectrs under the unfavorable
condition of a dark background and did not report
teats of any yellowish spectrum color other than
589 myp (that is, none nearer than this to 575 me),
&0 his finding may merely be an imprecise check of
675 mp. Furtherwmore, tho report of orange-
yellow is rendered doubiful by the report by
Holmpgren of greenish vellow {“greenish yellow,
or citron yellow, not golden yellow™} for the same
case [42] examined by means of dyed wools. In
the second exception, it was stated [26] rather in-
explicitly that for the defective eye, *the green
appearad in the spectrum stretohed out into the
yvellow, and the blue stretched out into the violet,
. .. Neither of these reports can be taken as
established exceptione to the otherwise eonsistent
indication that the yellow and blue of red-green
confusers wre, respectively, closely what the nor-
mal eye sees in the spectral regions near 575 and
470 mu.2

Some writers [28] have classified the Hering and
Hess cases 88 probably protanomaly because of

¢ Bince the Indlosted pereptivs for both protanopic and deuteranopic
vlyon ara oot slemlficantly dlferoot, oo sctemded discusdon of disarepens]sa
1o plessifiontdon of tha uniaters] dofects shown in table X b8 required.  For
Aba AN yeasom, I 18 onimpor{ant for the present porpess Lo determine
whihher the defect [ Inhevited of pequired, Heowaver J§ may be remearisd
thet (e clawtification hy FIppe] of hid petbsok us whet we now ol dey-
tarenopic resta on his Feitura ko And the spectrats shartetsd o the bnpwam
vl relative to that for the ermal «ve, all of the varbeus apsectl ek Tine
s being elther wiaibde to both eyes or mvlsible to Doth.  The clasifeation
of protanapls, bowever, Lt Armiy srounded naot only oo Halmgran's finding
based upon tha Holmgren wo test, which inchudes a chromativhty method of
dipgnesing pregpnois, g alse on Hippel's own report that the brighbest

Ert of the spectriimn Br bbe defontive eya wae ahifited conalderably toward the
short-oravo and feluklve bo thit Ror the Barnngal £ye,
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the statement that the long-wave end of the
spactrum waa shortened. This minor shortening
15 to be expected because of the partial impair-
ment. of the yellow-blue and light-dark senses, aa
well sz the almost complete disappearance of the
red-grecn sense. It iz not to be confused [68,
(p. 45)] with the much larger departure from
normal characteristic of protanopia, designated by
Heoring s ' blue-sighted red-green blindness.”

The reclassification of Hayes' subject from pro-
tanopia to protenomaly is based upon the fact that
the normal setting of a red plus a green by disk
mixture to match a yellow plus black plus white
was found by the subject’s defective ave to ho
tnuch too green. To sntisfy the defective eye, she
had te put by far more red in the first mixture.
Hayes' conclugions are sound if translated into
gccepted terminology.

A further word i required regarding the ap-
parently contradictory report by Sloan's unilateral
deuterancpe {87] that, on the one hand, the hucs
scen are like Munsell 5% 5/5 (dominant wave-
length 575 myu) and 3PB 5/5 {dominant wavalength
475 my), and that, on the other they are like the
apectrum at 584 and 452 mu.  There are several
posgibilities to be explored, hut it will be suflicient
for the present to point out that if both eyes of
thiz subject had an abnormally large amount of
ocular pigmentation and so were provided with a
permanent adaptation to reddish yellow, the dias-
crepaney would be explained.  The same explana-
tion would also account for the discrepancy be-
tween the wavelength of neutral point estimated
from the Munsell 5/5 locus (498 mg, which is
typical of deuteranopia [50, 51]) and that estimated
directly from the spectrum {503 mg, correspond-
ing to reddish yeilow adaptation), A more com-
plete study of thiz observer might be worth while.

II. Agreement with Theories of Color
Vision

The avidence just reviewed that red-green con-
fusers see yellow and blue does not, of course,
prove . that all red-green confusers have those
color perceptions, though the absence of relinble
confiicting evidence renders such a conclusion
highly probahle. Thus, Parsons [79, p. 191] re-
marked in 1924, “Most observers think that the
two seneatione experienced (by pretanopes and
deutersnopes) correspond most closely to normal
yellow and blwe. Uncompliceted cases of uni-

Caolor-Blindness
WLITO—dE—2

lateral congenital colovr blindness would afford
veluable evidence M. Bimilarly, in 1927,
Diieter [13, p. 79] said, “Only if still more casea of
the same kind are completely analysed will there
ba sufficient grovnd for the alluring possibility of
theoretical appraisal.” Tnilatera! color-blindnass,
however, has already had an important influence
on color thoeory. :

During the period {1380-1920) when the
experimental facts of protanopic and deuteranopic
aolor pereeptions were being established, the con-
troversy between the three-componentz (Young-
Helmholtz) theory of color vision and opponent-
eonlors (Hering) theory reached ita height {641,

Aceording to the threspomponentz theory,
there nre in the normal refina three independent
photosensitive mochanisins, one sensitive pre-
ponderantly ta the long-wave portion of the
spectrum and vielding a red response, another
scnsibive prependerantly to the middle portion of
the spectrum and yielding a green response, and
the third sensitive preponderantly to the short-
wave porticn of the spectrum and yielding a blue

or vinlet response.

According to the opponent-colors theory, thero
are in the normal visual mechanism three pairs of
opposing processes, a black-white pair, which
cancels to leave gray, and two chromatic pairs,
hlue-yellow, and red-green, which cancel to gray
whet both members of the pair are excited equally.

Red-green blindness according to the thres-
components theory comes from failure of either
the red-component (protancpisn) or the green-
component {deuteranopia), leading to the indica-
tion that protanopes must see only mixtures of
green and violet, and denteranopes, only tixtures
of red and violet. But, by the opponent-colors
theory, only one iype of red-green blindness is to
be expected, that arising from elimination of the
red-green process, leaving the perceptions white
and bleck, blue and yellow.

The case of unilateral protencpia (Hippel,
Holmgren, tebla 3) waa a blow to the original form
of three-components theory. It showed that one
red-grecn blind eye, at least, saw yellow and ue,
not green and vielei. Tha three-components
theory can he thrown inte a form accounting both
conveniently and precizely for the red-green con-
fusions of protanopes and deutersnopea [51], but
this single case of unilatersl color-blindness
showed that it ia not a relinble guide to what they
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Takrs 3. Coracs of unricteral defecl of sivion-gioing fnformotion regarding profanopic and dewleranepic color percepliche

Classlfiration of the detect

Aunther Dl Ind entod pereerd lone
Author's awn ‘Present
Dvmternoople . .. ... ProtBInEaB - oo oo EBhe,
Frotanopla. .. .. | o o --.| Violet blme.
—.| Devteramepda. ..o |-._o L U -| Blue
.| Approeeh to dentsraneniy | Approgeh to dedleranons R N 1S
N IR . SRR RUURY |- I, coo| T 471 Mo,
.| Droateranopa. . ... ._...| T¥aabeTmivirgie -| Bhe,
.| PFmtemopls. .. ...___. Protantial¥ - - . -aroollooL o,
-.| Trenteraoomaly. ... ... _.... Drouberanamal ¥ oo oo _.. | Like 893w .. .. Lika 464 bo 480 Ty,
—| Protanomaly_ __ ... ____.._. Protanomal¥ . _ ... Crange, velbow.__ ... ‘Blue.
—.| Denterannpla. ... ... Deuberanopib. .. ... Liks 5% 55, also 568 mp___ . [dce 3PB, 55, also 457 me.

gee. The opponent-colors theory, on the other
hand, received dramatic support from the color
perceptions reported for this case. This latter
theory, however, does not aceount for two forms of
red-green hlindnesz, but only one, deuteranopia.
It way be =aid, therefore, that both of these
simple viaual theories received fatal blows from
discovery of the fucts of protanopia and deuter-
anopin. Some advocates of the threecomponents
theory refused to be impressed by the Hippel-
Holmgren case of unilateral protonopia. Holm-
pren, himself, continued to use the terms, ‘red
hlind”, *green blind” and *violet blind”, and
offered & prize of 400 erowns to anyone whoe would
bring to his attention a case of unilateral “green
blindness” [45]. Some three-component advocates
took refuge in Fick's [21, 22] suggestion that red-
green blindness results, not from the complete
failure of one of the three components, the red or
the green, but from the receptors for red and green
having identical photo-gensitive substances, either
that normally used for red or that normally used
for green.  Other advocaies of the three-compon-
ents theory (Kionig, v. Kries} eventually took up
the very simlar theoretical position [G4a, 6O
(p. 16%)] originally proposed by Donders [15] that
the three-components theory helds for processes
in one staga or zonme of the visual mechanism
{perhaps the photosensitive substances), whereas
the opponent-colors theory holds for processes in
a later stage or zone (perhaps the optic nerve).
This vicw is known as tha zone or stage theory of
vision. Furthermore, a very able advocate of the
opponent-colors theory, G. E. Miiller, adopted a
theoretical wiew which, slthough diverzent in
detail and more elaborated, was essentially in
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agreement with the zone theories favored by
Donders, Konig, and v. Kries. All of these theories
allow for protanopic and deuteranopie percaption
of vellow and blue, though that of Miller does
not require it for protgnopes. Miiller remarks
(p. 4%, “If the eolor-blind is a denteranope, his
chromatic color sensations must therefore (by this
theory) be purc yellow and pure blue .

It iz otherwise with protanopes. I in an indi-
vidugl outer redgreen sensitivity is absent, it
makezs no differenee in hizs behavier, either in
practical living or in any investigation, whether
the remaining greenish-yellow and reddish-blue
processes cxcite only yellow and blue in the optic
nerve, or whether, . . ., they excite pgreenish-
¥ellow or reddish-blue sensations, or whether, . . |
they execite only green and red, or . . .
even only green and blue, or . . . yellow and red.
An individual lacking outer red-green sensitivity
will give exactly the same color equations, exactly.
the same gpectral positions of brightrness maximym
and neutral point regardless of whether his
greenish yellow and reddish biue processes evoke
nerve excitations correzponding to the like-named
excitations (yellow and klue) or unlike-named
cxcitationz {green and ved), or by simultancous
action of both sorta, excitations of exactly the
same kind as the processea themselves. We would
therefore not be particularly astonished if it were
estahlizhed definitely in & unilateral cage of pro-
tanopia that the yellow sensation experienced
actually was somewhat greenish and that the blue
sensation experienced actually was somewhat
reddish, and we would noi believe that the ground
was disappearing under our feet if sometime there
should oceur & (quite imprebable) caae eatahlishing
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the two chromatic eolor sensations of & protanopic
eve as the pure-green sensation and the pure-red
zensation.” .

Since all theories of vision with any pretense
of being comnplete provide for the perception of
yellow and blue by red-green confusers, and since
a reasonabla search of the literators hasz failed to
uncover any relisble evidence against this indica-
tion, it is proposed to build a method of designating
protanopie and deuteranopic pereeptions of sur-
face colors on the finding that such obaervers see
a yellow and a blue like those seen by the norrmal
obhserver in the spectrum near 575 and 470 my,
respectively. The conseguences of this choice of
buea are bound to appear correct to binocular
red-green confusers. Thesa consequences can be
contradicted only by observers having unilateral
defects; and the probability of such contradiction
arising may bo estimated from the fact that the
vight rases recorded so far (see table 3) fail to
contradiet it.

1V. Derivation of Denteranopic and
Protanopic Munsell Notations

Object-color perceptions by normal observers
arc most commonly described in torms of the
attributes, hue, lightness, and saturation [78] do-
fined [2] as follows:

“Hue i the attribute which determines whether
the color perception is red, yellow, green, blue,
purple, or the like.

“Fightness iz the attribute which permits an
object-color perception to be classified as equiv-
alent to some mernher of the series of prays
ranging between black and white,

"&aturation 8 the attribute of an object—color
perception which determnines the degree of its
difference from the gray of the same lightness,”

The Munsell cclor systemn is based upon this
method of description.  Munsell hue, value, and
chroma. are intended to correspond to huc, light-
ness, and saturation, respectively, and the samples
in the Muneell Book of Color [70] when viewed in
daylight by & normal obhaerver under usual viewing
conditions (daylight adapted eye, light to medivm-
gray surrounding field) yield color pereeptions
auch that Munsell hue correlates elosely with the
perceived hue, Munsell value with the perceived
lightness, and Munsell chroma with the perceived
saturation. A method has been developed [49] by
means of which readily understood color nemes

Color-Blindneas

tmay he found for ang color frowm its Munsell
notation. '
When the samples of the Munsell Bock of Color
are viewad by a protanopie or a denteranopic ob-
sarver, however, the color perceptions obtained gra
not oven approximately indicated by the Munsell
notation. It is proposed to develop a method of
deriving protenopic and deuteranopic Munsell
notations, analogous o the present normal
Muns=cll notations, that will correlate with the
color-perceptions that red-green-blind observers
obtain from objecte wiewad in daylight wuder
usual conditions. It has been shown [51] that the
color confusions of red-green-blind observers can
ke found from threa numbers (K, W, W, re-
Inted to the tristimulus values (X, F, Z) of the

ICI standard observer by the transformation
equations: . :
K =2

W,=—0460 X+1.350 Y40.101 Z} (1)

2= 1.

Any two colors having idontical walues of K and
W, are identical to the aversge prolanope; those
having identical values of & and W, are identical
to the average deutcranope. Figure 1 shows in
nrbitrary unite the values of K, W,, and W, for
all parts of a spectrum of unit irradiance per unit
wavclength.

MRSUNTS OF PAMARES REXRRED FOR GPECTAUM STIMLILL

WAVELENETH IN mu

Fieune 1

Onc of each of the two pairs of numbers [ W,,
W), used in judging equivalence of colorm for
deuteranopic and protanopic cbservers, refera to
the himinous aspect of the color (luminance for a
gelf-luminous area, Juminous directional refect-
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ance for a surface), the other number, X, of each
pair taken relative to the first refers to the chro-
matic aspect. For the ICI obszerver, luminoua
directional- reflectance is customarily expressed
relative to that {¥,) of magnesium oxide. By
analogy we take Wq/{ W)= F{T, for denieranopic
luminous directional reflectance, and

W, _ —0.460X+41.3507+0.101Z
TW:E,_ —0.460X,+1.359F+0.101Z,

for protanopic luminous ditectional reflectance.
But sinee for magnesinm oxide it is customary to
take Xy=0.9804, Y,=1.0000, and Ze=1.1512,
protanopic luminous directional reflectance may
be written simply as 0.0733W,.

It i3 customary to specify the chromatic aspect
of a eolor for the ICI standard observer by mesns
of trichromatic coordinates, or chromaticity eo-
ordinates #, ¥, and 2. By analogy with this prac-
tica, the chromsticity coordinates for deuteranopic
and protanopic ohservers are the dichromatie co-
ordingtes (w,, ke 1wy, k) defined asz follows:

wd;WJJ'r{WI+K}=
Y/ Y2) =y/ly+2)=y/(l—z),
kamE(W,+ K =2/(Y+Z1=
2fiy+2)={1—2—y}/{1—2}.

e Wa _ —0460X 113507 +0.1012)
"W+ K —0.460X+1.2567+ L1012

_ —0.561z-+1.258y+0.101
—1.5612 1 ¢.258y+ L.101’

- (2d)

- (2p)
b K Z L
W, K —0460X+ 1.3567 +1.1012
LI —g—y

T 1561z +0.258y+1.10i" |

From eq 2d and 2p it will be noted that w, and &,
sum to unity; likewise, w, and &, Hence only
one of the dichromatie chromaticity ecoordinates
need be nused, We will nse #y and wy, which may
be taken as measures of the deuteranopic and
protancpic “warm’ guality, respectively, Accord-
ing to the data and views alteady summearized in
sections II and III, it is legitimate to tzke them
mor¢ precisely as indications of ¥ yellowness,”
Since for the approximately 400 samples of the
Munsell Book of Color, the tristimulus values,
X, ¥, Z, have already been evaluated from
spectrophotomstric measuyrements [23, 53], it is
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& simple matter to compute Wy/(W,), and w,

‘from eq 1 and 2d, and so arrive at a specification

of deuteranopie luminops directiona! reflaetance
and chromaticity. The results are shewn in
table 4. Similarly there have been computed for
thesc 400 samples values of W,/ (W), and w,,
which serve as specifications of protanopic lumi-
nous directional reflectance and chromaticity,
respectively.  These results are shown in table 5.
In both tshles 4 and 5, the eamples have been
arranged in & sequence, which would appear
orderly to the average deuteranope {table 4} or
protanope {tahle §). The samples were first
arranged aceording to reflectance, abd, as expected,
for deuteranopic vision ware found te form seven
groups of nearly constant reflectance (ome for
each of the Munsell values 2 to 8) with definite
reflectance gape separating them. The samples
of each group are arranged according to yellow-
ness, approximately as indicated by the chro-
matieity coordinate, w, Also, as expected, no
such grouping was found after arranging the
samples  aecording to  protancpic reflectnnea.
However, the samples were arranged arbitrarily
inte 14 groups {one for each of the Munsell values
2.0, 2.5, . .. 8.5) ep that the protanopicrafles-
tence of each sample in one group is both lower
than all of those in the group above and higher
than all of those in the group belew. Within
ench of thege 14 groupa the samples were arrenged
according b yellowness, approximately s indi-
caied by the chromaticity coordinate w,.

From the first three columns of tables 4 and 5,
it may be seen that sn arcangement that seems
orderly to a deuteranope or protanope may con-
tain outstanding irregularities to & normal ob-
server, For example, the firgt four entries in table
4are ¥ 8/12, Y 810, 10Y &/%, Y /8. The second
column indicetes that these samples all have
reflectances close to 0.58; that s, the colors of
these surfaces appear to the average deoteranope
a3 wall oz to the average normal ohserver to be
about equally light, The third column mdicates
that the first semple is the yellowest and fourth
the least yellow. With the exception of the third
gampla {10Y &/%), this classification aceords with
that of the normal observer, which is indicaterd
closely by the Munsell notation (Hue Value/
Chroma) Y 812, Y 38/10, ¥ 8/8. The third
sample, however, is o more greenich yellow than
the others and for the normal observer does not
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fit into the series. In this instance table 4 has
setved 10 indicate with some precision the kind of
greenish yellow that the average deuterancpe
may be expected to confuse with a certain group
of yellows, [t indicates in general exacily the
red-green confusions characteristic of deuier-
anopia. Twahle F indicates in a similar way the
red-green confusicns chacacteristic of protanepia,
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TABLE 1. Deuteraropie arrangemeni—Continued

TanLeE 4.
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Thus far no precise indication has been given of
the color perceptions of devteranopes and pro-
tenopea corresponding to the 400 samples in the
Munsell Book of Color; we have only grouped
together those samples that differ least and that
gre therefore most likely to be confused. We
kEnow, however, that deuteranopes and protanopes
in all probebility perceive black, gray, and white
normally; furthermore, we know (see table 3}
that their yellow sorresponds closely to what the
normal observer sees in the spectrom at 575mp,
and their blue corresponda closely to 470m.
Theee facts may be conveniently expressed in the
Munse!l color system by giving for each set of
values of WiW, and w the Munaell equivalent of
the purple-blue {FB) or yellow (F) hue; see
master hue chart, figure 13 of the 08A Subsom-
mittee ot the Spacing of the Munsell Colors [76].
These Munsell hues correspond closely to those of
the zpectrum at 470 and 57bmy, respectively, and
gince the exact hues corresponding to these por-
tions of the spectrum depend somewhat on the
obsarving conditions [14, 17, 96) more precise fit-
ting (us by 678 and 7Y iz probubly not warranted.

The deuteranopic and profanopic Munsell re-
notations based in this way resulied from tha
following stepa: fa) from table 1 of the OSA Sub-
comnimittea Report [76] (pp. 399 and 402) were
read the chromaticity coordinates {x. 3 for
enough colors of the hues 5Y and 5PB to cover
the rutge of the Munsell papers; (b) from these
chromaticity coordinates wera computed the di-
chromnatic coordinates i, and w,, according to
eq 2¢ and 2p and these coordinates were tabulated
in table 6; (e} from the data of table & families of
cutves were plotted on each of two graphs, one
with s, as the abacizsa, the other with 1w, as the
abscisss, the ordinate being Munsell chroma and
each curve showed the wariation of Munsell
chroma. for hue 5Y or 5PB with dichromatic co-
ordinate (wy or w,} for some one Munsell value;
(d) from the reflectance relative to magnesium
oxide, WiW,, (second col of tables 4 and 5), the
Munsell value was read from table 2 of the sul-
committee report [76]; and (e} by interpolation
pineng the curve2 of the corresponding family
according to this Munsell valug, the Munzell hue
{(whather 5Y or 5FB) was determined, and the
Munsell chroms corresponding to the dichromatic
coordinate, w, or w,, was read with an unecertainty
of about (0.1 chroma step. The Munsell di-
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chromatic Tenotations {(Hue Value/Chromal so
found are given in the fourth coluwm of tables
4 snd 5. The fifth column is the nermal Munssll
renotation copied from tahle 3 of the subcom-
mittee report [76].

Comparison of these two columns (dichromatic
Munsell renotation with normal Munsell renote-
tion) indicates in & precise and detailed way the
differance between the surface-color perceptions
of the normal cbserver and those of the averape
deuteranope and average protanope, respectively.

TabiP 8. Dewierahoprie and profanspie chromaliony coor-
dingiet for Muneell renciations of hwes 5Y and 5PE
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Color-Blindness

It will be nated, of course, first that the normal
observer perceives a multiplicity of hues (red,
yellow-red, yellow, preen-yellow, green, and so on},
while the deuteranope and protanope pecceiva but
two—Mubpsall yellow and Mumszell purple-blue.
Second, it will be noted from table 4 that the Mun-
sell value of each sample for the deuterinope 13 the
same a3 that for the normal observer, but from
table 5 the protapopic and pormal Muneel! value
differs except for hues near to yellow-green (3GY)
and Bluish purple (2F). The reddish eolors have
lower protanopic values, and the greenish have
higher; the amount of the difference from the
notmal valuoes varving from one wslue step for
B 4/14 to zero for nearly neutral colors.

Table 5 ulso servea to indicate the degree to
which protanopic vision leada to confusions be-
tween colors easily distingmshable by a normal
observer.  For samples of small siza, such 23 thore
that yield ideal protanopic vision, & differcoce of
. 1-value step or 0.2-chroma step is ao zmall 2a to
be essily confusible with zero differenca. From
table 5 it may be seen therefore, that Munsell
samples Y 8/8 and 10Y 8/6 would be eonfusible to
a typical dichromat if viewed in small size, though
to the nermal obsorver, of course, these two
samples gre distinetly different. By proceeding
along the fourth column of table 5 and noting the
samples whose protanopic renotations differ by
{.1 or less in value and at the same time by 0.2
or leaz in chroma, we may make an estimgte of the
frequency with which a protanope will be troubled
to distinguish eolors that to the normal obzerver
are separated by at least 10 just noticeable stepa.
It is found that there are 97 such pairs among the
410 different colora listed: that 13, in a group of
colors chosen ip such & way as to be unrelated to
the characteristic protanopic confusions, still
about one-fourth of the colors are by chance con-
fusible with ancther of the group?® This result
may explain, on the one hand, why dichromatic
ovbservers oiten reach maturity without having
became convinead that there is anything abnormsl
about them other thap upusual unfamiliarity with
the meaning of eolor terma, zince in about three-
fourths of the pairs that they are called upon to

' A glrnilar count af paire confoaible by the douteranoops @an ba made from
the fourth salumn af tabde 4, and sboat 200 will be louad, ronehly twiea aa
many, w9 fram tabls 5. This ks aseribable to tha fect (hat the aampks ara
bok Ughebabed th Genterancple condnelons, being diviafble into seven ghole,
nadl compossd of gamplaa differing but elightly in deotoranopde Mugsell
Tali. T
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compare, they see a difference but describe it in
terms not used by the normal chseiver. Op the
otber hand, eince gne-fourth of the differences that
the normal obeerver sees plainly are so slizght to the
red-green confusing dichromat thot he must look
long and closely to decide about them, and oc-
casionally fhils completely, it is eaay to understand
thut a charncteristic by which the dichromat is
marked is his tendency to hesitate before making a
decision, o wait for someone else to speak up,
and then to agree with him,

It is suggested that persons who have been found
to have either protanopic or deutersnopic vision
by the usual tesiz might fnd it interesting and
possibly instructive to lay out the Munsell papers
in tho erder given in table 4 or teble 5, aa tha
cese may be, and see to what degrae the Munseli
dichromatic notation aeccorda with their own
perceptions.  To the extent that the accord is
good, the perason will discover how well his type of
vision i known; and he moy be encoursged to
study the basis of the Munsell dichronatic gota-
tion, and so gain'an additional insight inte the
relation of his own vision to that possessed by the
majority. If the “unsell dichromatic notation
fails to accord with his perceptions in ways not to
ha corrected by viewing the papers through bluish
or brownish goggles, it is likely that the observer

will find that he has been mistyped by carelesa -

administration or interpretation of & routine test,
snd a retest would be in order. Should the
okserver find that he is indeed & red-green confus-
ing dichromat, he wonld have a chanca to contrih-
ute to the knowledge of color perceptions by
studying snd reporting the noture and degree of
any contradictions,

V. Analysis of Color-Blindness Tests in
Terms of Dichromatic Munsell Notations

To ehow how tables 4 and 5 make available the
color percepiions of dewteranopes and protapopes,
respectively, it will be aufficient to analyze & fow
of the color-blindoess tests based upon light-
reflecting ohjocts whose colors are fairly well
eatnblishad.

1. Holmgren Wool Test

Frobably the oldest color-blindncss test still in
fairly common use is the famous wool test devel-
oped by Holmgren [38]. [n this test & considerable
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number (50 to 200) of small skeins of differently
colored yarns arc placed in e pile on 8 Hatb surface
sufficiently speciovs and illuminated with full
daylight. The skein having the trial color is
taken from the pile by the oxaminer and placed
to the side far enough from the others not to be
conifusad with them during the test. The examiner
requests the subject to pick cut the other skeins
that come elogest to the teat akein in coler and to
place them begideit. Three tests are recommended
by Holmgren, one with a green trisl skein, one
with a purple or rose colored skein, and a third
with u red skein. The color chart {p. 120) “serves
to guide the examiner in the choice of colars for
the test skeins and in appreciating the mistakes of
the deficients. We have tried to render there the
colors mentioned in this chapter, We divida
tham into two classea:

Y1, The test colers, that is to say, those which
the examiner offers to the subject, and

2. The confusion colors, that ia to say, those
which the deficient picks from the pile because ha
confuses them with that of the specimen.”

Table 7 givea the Munsell book notatione found
in April 1942 for the colors of the chart that forms
the frontispiece of a book [38]) 2ent by Holmgren
personally to the Smithsonian Institution from
which 1t was turtied over on Oetober 10, 1584, to
the Library of Congress ag volume 150530, Soma
of the colors were found to be obvioualy faded; for
exainple color I, supposed to be a greco {neibher
yellow green nor blue green), was found to be a
weak greenish yellow, and color Ila, supposed to be
a purple, was found to be o light brown, However,
the enlors relating to the third test seem not to
have faded sericusly and will serve as an example
of how to analyse a eolor-blindness test by means
of dichromatic Munsell notatione.

{f the third test Holmgren says, “The red
gkein is presented to the spbject. It should have
a vivid red color like the red flag serving as a
signel for the cailroads.  This color corresponds o
IIb of the shart, which ought perhape to incline a
little more definitely toward vellowish red. The
test, which is to be made only with subjects that
are completely defective, cught to be continued
until the subjeci has placed with the test skein
sl of the skeins having that hue, or vntil he has
selected ome or more of the confusion colors (10
to 13). The red-blind (protancope, by present-day
terminology) chooses in addition to red some
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shades of green and brown (10 and 11} that for
the normal sense appear derker than the red.
But the preen-blind {devteranope) chooses con-
trasting hues which appear lighter than the red.”

The analysis of this test consists in finding the
dichromatic Munsell notations of the sonfusion
colors {10 to 13} and comparing them to the
dichromatic Munsell notation of the trial color
{IIb). From tables 4 and 5, the dichromatic
Munszell notations of thase five colora hava been
obtained by reading the notations for neighboring
eclors and interpolating amoeng them. For exam-
ple, color ITh was found to have a Munsell hook
notation of 5.5R 4.8/10, The two ciosest colors in
table & are R 6/10 and I0R 5/10, from which we
read protanopic equivelents of Y 4.4/1.5 and
Y 4.4/4.1, from which in turn by interpolation we
" would get a protanopic equivalent of ¥ 4.4/1.8
for 556K 5.0/10, and Y 4.2/1.8 for the required
book notation 5.5R 4.8/10. This equivalent s
given in takle 7, together with deuteranopic and
protanopic equivalents similarly found for colors
I1b, 10, 11, 12, and 13,

TavLe 7.  Munrell ook nofations af the color chard publizhed
by Holmgren fo fndicate how lo gadminfaier and frlcrprel
hta wool test; alag dichromatic Munsell renolotions of five
of the cofore

. Dishromatic blnnaell
Helmgren's— renotatien
Mnnaell bonk
itz Lom
Pesription Nbue'?" Protanopic m;‘“;
L L I oI
1 L3 - I
b IT4 L&
Colors confused with green [} 3 AY 8 /5
4 TYRSE |5
5 |L 7YRT /3
Purphb_ ... Naf SYRA&T
Protancpic qonfusions with | & { IPE I.VE
purple, E b AP 4.W} 5
Dentorttople  tonfasivns { a { BY 5. 0L
with purple, | FLEER ]
Red ... ] HUb| &EGR4810 T4HLH T4HL b
Protanopls sogtuslons with ([ 10 113Y 3 52 YEHL5 T & L
red. 11 WYR 5 82 Yiazl YI7L:
Degleranaply  monfusins ([ 12 507 6. va ¥ 6. 8.2 Yo 250
writh e, 13 YL £ Wd Y 4.y3d YAyl

It iz evident from &n examination of tghle 7
why the protanope would be expected to confusc
colors 10 nnd 11 with the red eolor ITh. The
prolanopie renotations of these colors differ from
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that of the rad by 0.6 of a value atep or leas and
bty only 0.3-chroma step. Similarly, color 13
would be expected to be moderately confusible by
deutersnopes with the red color IIb, because the
deateranopic Alunsell renctstions of these iwo
colorz differ by only 0.5 of & value step and 0.7-
chroma step: but coler 12 should be distinet from
the red color IIL to deutersnopes because 1t s
lighter by 1.3 value steps and higher in ehroma by
2.4 stepa {compare Y 6.2/5.0 with Y 4.9/3.5).
Thiz analysis shows that the colors in Holmgren's
hook conform to his statements regarding the teat
with the red skein except for color 12, which was
probabiy not correctly rendered origically by the
lithographer. The other discrcpancies are too
small to be significant in view of Holmgren's
gtatement: “The resemblance need not be perfect
in all respacts; there are no two skeins that are
exactly slike. The question is particularly on
resemblance in kuwe, and on this aecount the aubject
ought to look for those that are similar nod belong
to the same hoe, that which js paler or desper but
of the same ecelor, and 5o on. . . . Not too much
attcntion should be paid to lightness nor te slight
shades of off-gray color.”

Similar analyses of tests hy means of green and
purple skeing give similar corroboration of Holm-
gren’s interpretation of his tests, but these analyses
bhave to be caeried out with reference to the actual
volors of the green and pirple skeing used instead
of the faded colors I and IIa of tha color chart.

2. Stilling Preudc-Isochromatic Plates

The plates developed by Stilling in 1878 [#1]
are still used |71, 93], and copies and dJdevelop-
ments of them are widely disteibuted in this
country [1, 41]. The subject is ahown a saries of
printed pages io succcssion, each page covered
with a pattern of irregulaly shaped spots. The
spots are a0 colored apnd so arranged that numbers
can be read on the plates by maony chservers of
normal vision, but to observers having various
types of abnormal visien certain of the plates
zeem to have uniform colors or a uniform mixture
of eolora, so that no number can ba read. Becauss
of this, they are called pzeudo-isochromulic plates,

The analysis of a psuesdo-isochromeatic plate
designed te detect protanopia or deutersnopia
can be carried out by obtaining the Munsel! book
notations of typical background spote and typical
spots making up the number, reading their pro-
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tanopic and deuteranopic Munscll notations by
interpolation in tables 4 and 5, and comparing
thom. These charts were designed, however, to
accord with a view of the color perecptions of
dichromatic observers developed by Stilling and
dezeribed by him in detail by teans of & color chart
printed in 1909 [92]. It will suffice for illustration
of the method to confine our anelysia to these
printing-ink reproduciions of the colors,

Table 8 gives the Mungell book notations of
maost of the eolors found in 1944 on the eolor chert
in the Library of Congress copy of Stilling’s
paper, Uber Entsteheng und Wesen der Anomalien
des Farbensinnes [82]. The colors dealing with
Stilling’s view of the color pereeptions of tritanopes
have been omitted. Table & aleo shows the pro-
tanopic and deuteranopic Munszell renotations
corregponding to these bock notations read by
interpolation from tables 4 and 5.

From the Munsell book notations of the brown,
licht brown, and gray colors representing Stilling's
view of what the red-green confuser's color percep-
tions are, it may be seen that his idea of the hue
of these perceptions is close to that taken in the
bresent paper; in no case does his eatimate depart
from the present one (5Y) by as much as five
Munsall hue steps. The value and chroma esti-
mates are also fairly close, particulacly those for
the eolor-blind equivalent of blue green;compare
Y 6.9/4.3 with Y 58/3.6 and Y 6.7/3.6 with Y
6.0/3.8. The light brown chosen is only slightly
derker (0.9 of a value step) than thet which would
represent an average confusion color for grotanope
and denteranope, The yollowish gray shown as
an estimate of the color-blind perception of violet
is very close to the present estimate of the deuter-
enopie perception of the wvislet shown {compare
Y 57406 with Y 6.2/0.9); but since the name
given te this sampla was gray, the agreement may
signify only that there haz been a yellowing of the
printing-ink representation of gray since its pre-
paration in 1909, Actually the average of tha
protanopic (PB 5.4/04) and deuteranopic (Y
5.7/0.8) Munsell renotations for the violet shown
on the chart iz very close to & neutral pray.

The protancpic snd deuteranopic confusicn
colora for red (7E 4.5/8), also shown in table 3 are
not in very striking agreement; in each case the
green 8 too light and of too high a chroma to he
confused by an average protanope or deuteranope,
Sinea tha diffsrence between the two colore cor-

268

respondas well with the difference hetween the
present estimate of the protanope and dentersnope
color perceptions, it is reasonable to suppose that
the greenish printing-ink specimens, hike the gray,
have yellowed with age by one chroma step since
1909. Note that the protanopic equivalent of
the red is lower in chroma by 3.4 —2.0=1.4 chroma
stepe than the deuteranopic equivalent. The
gresn chosen by Stilling az a protanope confusion
for red also givea a dichromatic equivalent of
lower chroma (8.0—3.5=2.5, 5.8—32=28) than
that chosen as the deuteranope confusion for the
same red. The two printing-ink specimens thus
give the correct ulea of the differcnce between the

. greens that are confused with red by red-green

cenfusers, but the amount of chroma difference
is exapgerated. Similarly, the correct ides of the
lightness differense i given (4.6—4.0=0.6), but
the amount is in this case too small (5.6—54=0.2,
5.7—54=0.3}. Btilling waz perfectly wall aware
of the direction of this difference, becanse he
refers to the protanope confusicn green as & “some-
what darker green''; whether be had very precise
quantitative infermation cannot be told from this
illustrative exnmple because of the uncertainties

TaeLE 8. Munsell book noialione of the colar chorl puh-
tighed by Stlling [99] o indicole hir view of fhe color per-
cepliots Gnd confuriony of red-green confusers; aloo pro-
fanopte and deweregopic Munsell renclafiona of them

Dichromatic Mumscll
renotatbons
BHilling's deseripkinn Brunsall hooi ———
Erotutnple D‘E’ﬁ;""
Bed. o viirrarananeeacaaena| TAR 469 T AR T 4]
Brown mch by eolsy-bimd - 0Y b T b T SNuA
siand.
Pink . ... .| TAR BN T 592 T Al
Ldghi browrn peen Inctead .., 25Y A0M T SEEG Y BiNAE
Vet .._..._._ ] BPRF 5N PR 54104 T aTa
Oriy sen by sabor-biod - TAY 5o T 600 T SynD
Ftowd, )
BRE-FTRRM L0 e M3 EBE T 693 Y GTE8
Light bewwn seen inatend .| 26Y S8 T 5Ei56 T Ay
Yellew-green. . ___..___._...] BOY TRNSE T OTERT Y TR
Brown seen by oolor-bind b. QY 208 Y 5 T 654
wead,
Bad. oivenirnieas s TR .48 T L T 4A2A
Yellow-grott domlomed with red FEY b0 T 580 T 4308
by deutérnpa.
Green confused with md by B3Y BAd T A4fEE T Adfdz
protanops.
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introduced by possible failure of the lithographic
process to render the colors correctly, and hecause
of possible changes of the colors with time.

3. Farngworth Dichetomous Test (B—20)

The serial order test devised by Farnsworth [20]
at the beginning of the war for screening cbservers
into two groups is particularly easy to analyse in
terms of dichromatic Munsel] notations, hecanse
it iz based upon Munsell papers whose color char-
acteristics are known through speetrophotome-
try (23, 53]. Table ¢ shows the protanopie renota-
tions of these papers arranged in the order given
by Farnsworth for a &y pical protonope; and it also
shows the deuteranopic renotations of the papers
arranged in the order given by Farnsworth for a
typical deuteranope. The values of W, 1w, Wy,
and w, are taken from & previous publication [51].

It will be noted that the arrangement of these
papers made by the observer chosen by Faros-
worth aa & Eypical protanope is closely, but not
perfecily, given by the protanopic Munsell zeno-
tation ranging from a yellow of chrome, 2.2 through
a near neutral {Y 5.2/0.1) to a purple blue of
chroma 2.3, A similar correspondence may also
be noted between the Farneworth deutarsnopic
arrengement and deuteranopic Munesell renota-
tion., Poseible canses for the failure of the cor-

relation to be perfect are the same as those
previously discussed with reference to the chro-
maticity enordinates, w, and w, [51). The chief
cause of the discrepancies seems to be a slight but.
consistent difference between the hypothetical
average observers defined by eq 1, on the one
hatd, and the actual okservers chosen by Fams-
worth as typical on the other, The drcrepancies
may thue be taken as indicating about the degree
of agreement to be expected between an average
red-green confuser and some ane pbeerver ¢f the
sarae type chosen at random.

V1. Summary

A review of the literature on color perceptions
mediated by dichromatic, red-green-—confusing,
visual mechanismz for an chserver capable of
relating them t¢ normal color perceptions has
been carried out, and it shows that both types of
such mechanisms (protanopia and deuteranopia)
vield color perceptions of two hues, and two hues
only, yellow and blue. A review of the chief
theories of vision shows that they alzo all provide
for this kind of color perception. A methed of
deriving protanopic and deuteranopic Munsell
motations of colors from their specification in the
standard ICI colorimetric coordinate system has

TanLE D,  Protanepic and deuwterenopic Muneell renotations af the chipa of the Farnsuorth dicholomous test [30] arrenged
in the order found by Farnsworth for o iypicel profanope and a iypical dewleranope, reapeciively
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been worked out on the basis of this kind of color
perception. It ia concluded that these notations
of colors conform to the usunl perceptions of them
by protanopic and deuteranopic obzervera in ihe
sense that the chance of any protanope or deuter-
anope of average ocular pigmentation having
valid ground for objecting to them s remote.
These protanopic &nd deutcranopic Munsell nota-
tions therefore serve to relate in a complete and
detailed way the color perceptions of red-green-
confusing dichromats with those of normal visicn.
It 19 expected that thiz detailed information will
assist in the deaign of color-blindness tests, and
will help color-blind persons to understand the
relation of their own vizual aystems to the normal
system and so give them a better chance o avaid
the embarrassments and dangers of living in a
tridimensional eolor world with a two-dimensionsl
color detector.
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